This paper describes the quantification of extracellular carbonic anhydrase (eCA) concentrations in the sea surface microlayer (SML), the boundary layer between the ocean and the atmosphere of the Indo-West Pacific. We demonstrated that the SML is enriched with eCA by 1.5 ± 0.7 compared to the mixed underlying water. Enrichment remains up to a wind speed of 7 m s À1 (i.e., under typical oceanic conditions). As eCA catalyzes the interconversion of HCO 3 À and CO 2 , it has been hypothesized that its enrichment in the SML enhances the air-sea CO 2 exchange. We detected concentrations in the range of 0.12 to 0.76 nM, which can enhance the exchange by up to 15% based on the model approach described in the literature.
Introduction
Concerns about the ultimate sinks of anthropogenic carbon dioxide (CO 2 ) have prompted attempts to estimate the flux of CO 2 into and out of the ocean through large research programs (Takahashi et al., 1997) . However, the sea surface microlayer (SML), the interfacial boundary layer between the ocean atmosphere (typically 40-1000 μm in thickness), has been widely ignored by past and current research efforts, although its importance in gas exchange processes on a global scale has recently been recognized (Liss & Duce, 2005) . The SML is an organic film widely distributed on the ocean's surface (Wurl et al., 2011) , slowing gas exchange down as transference across the SML is limited by diffusion (Frew et al., 1990) . Calculating the CO 2 flux rates assumes that CO 2 does not react within the SML. If a reaction was to occur, the air-sea CO 2 concentration gradient across the SML would steepen. Due to its hydrophobic nature (Coleman, 1975) , it has been hypothesized that cellular carbonic anhydrase (CA) enzyme accumulates within the SML (Berger & Libby, 1969) . CA is a zinc-containing enzyme that catalyzes the slow interconversion between HCO 3 À and CO 2 , and it has been found in all kingdoms of life, including extracellular forms at the cell surfaces of phytoplankton and bacteria. CA is a key enzyme for photosynthesis as it converts the readily available carbonate externally (via eCA) within the cell's diffusion layer and internally (via iCA) to the required CO 2 as illustrated in Figure 1 . Active uptake of carbonate is limited to some species and requires more resources, and diffusion of CO 2 across cell membranes is limited by low CO 2 concentration based on the equilibrium of its hydration reaction (Reinfelder, 2011) . Therefore, catalyzed uptake through membrane-bounded eCA is an essential process in inorganic carbon acquisition and it is part of carbon concentrating mechanisms driving marine primary production (Reinfelder, 2011) . The SML has been recognized as a distinct habitat for plankton communities (Cunliffe et al., 2013) and may contain a sufficient amount of extracellular and membrane-bounded eCA to enhance the conversion from HCO 3 À and CO 2 . The hypothetical enrichment of eCA in the SML and its potential to enhance the rate of air-sea CO 2 exchange was first proposed by Berger and Libby (1969) and later by Emerson (1995) . Meanwhile, Calleja et al. (2005) reported that the metabolisms of phytoplankton communities below the sea surface play an important role in the control of air-sea CO 2 disequilibrium. Emerson (1995) reviewed the role of eCA in the CO 2 air-sea exchange but outlined that the inability to quantify CA in natural seawater limits a quantitative assessment. Nevertheless, based on dissolved zinc (Zn) concentrations, Emerson (1995) concluded that only low nanomolar (nmol) levels of eCA are required within the SML to create an air-sea CO 2 concentration gradient capable of significantly affecting the global air-sea flux. Furthermore, Keller (1994) calculated that an eCA concentration of 20 nmol would result in an enhancement factor of 1.24 in the global air-sea flux of CO 2 . Indeed, for many decades, the concentrations of eCA in seawater remained speculative (Emerson, 1995) of eCA enrichment within the SML for decades (Berger & Libby, 1969) . Only recently, Mustaffa et al. (2017b) reported the use of a fluorometric assay to quantify eCA in natural seawater in the nanomolar range. Here we present for the first time the concentration and enrichment of eCA in the SML. Concerning the important role of the SML in the air-sea CO 2 exchange, this study provides further insight into the role of eCA in global marine carbon cycles.
Methods
Seawater samples were collected from the Indo-West Pacific ( Figure 2 ) during cruise FK161010 (11 October to 10 November 2016; R/V Falkor). The SML and bulk water samples were collected using a remote-controlled (ii) Alternative carbon acquisition through direct uptake of HCO 3 À . (iii) Internal conversion of HCO 3 À to CO 2 by iCA.
Equations are given for the hydration of CO 2 . Figure Geophysical Research Letters 10.1002/2017GL075797 catamaran and a cooled (< 8°C) automatic water sampler according to Ribas-Ribas et al. (2017) . SML samples with a thickness of approximately 80 μm were collected using the rotating glass disc technique and bulk samples from a depth of 1 m by a peristaltic pump and polypropylene tubing. Sampling was conducted during calm to moderate sea conditions (U 10 wind speed: 0.6-7.7 m s À1 ). Overall, 43 pairs of the SML and bulk water samples were collected in high-density polyethylene (HDPE). The concentration of Chlorophyll a (Chl a) was measured fluorometrically according to EPA Method 445.0 (Arar & Collins, 1997) . Photosynthetic yield, as a proxy for the physiological status of autotrophic organisms, was measured in situ at 1 m depth with an active fluorometer (PhytoFlash, Turner Designs, USA).
The quantification technique of eCA was previously described by Mustaffa et al. (2017b) . Briefly, eCA was dislodged from the cell membrane using a salt-dissociation technique (Husic & Quigley, 1990) . The extraction steps started with washing the filters containing suspended cells with ice-cold pure water. After centrifugation at 2000 g for 5 min using a macrocentrifuge (Carl Roth, Germany), the water was removed gradually using a micropipette. The remaining pellets were resuspended in ice-cold 0.1 M phosphate buffer and centrifuged for 5 min at 2000 g. The step of washing with ice-cold 0.1 M phosphate buffer was repeated twice. The remaining pellets were resuspended in ice-cold 0.1 M phosphate buffer containing 2.5 M NaCl and left for 10 min at 4°C. The extracts were centrifuged at 2000 g for 2 min, and the final aliquots were collected into microcentrifuge tubes using a micropipette. To measure eCA, a fluorometric technique was utilized immediately after extraction. The standard addition technique was applied to determine eCA concentrations. Before measuring, the extracted sample was diluted to 1:20 with a 0.1 M phosphate buffer to minimize fluorescence background signals (e.g., free dansylamide (DNSA) or chloride ion). In the cuvette, 12.5 μL of DNSA were added to 750 μL extracts followed by subsequent additions of CA stock solution after each measurement. The fluorescence intensities of eCA were measured by fluorometer (Jenway 6285, Bibby Scientific Ltd, Staffs, UK) at emission and excitation wavelengths of 460 nm and 280 nm, respectively. The graph of relative fluorescence intensities (RFU) versus standard addition was used to determine eCA concentrations by extrapolating the line to the x axis. Each sample was measured in triplicate. The detection limit of eCA in seawater was 0.09 nM.
The statistical analysis was performed with GraphPad PRISM version 5.0. The nonparametric t test was performed to investigate a significant difference between concentrations of eCA in the SML and bulk water. Differences were considered significant when p ≤ 0.05, with a 95% confidence level. Correlation tests were based on Spearman's correlation. The enrichment factor (EF) of eCA was calculated as the ratio of concentration in the SML to the corresponding bulk water samples. EF > 1.0 is termed enrichment, while EF < 1.0 is assigned as depletion. Measured wind speeds at 3 m height were corrected to U 10 as a reference value at a height of 10 m (Kleemann & Meliss, 1993) . All values were reported as average ± standard deviation, or otherwise indicated.
Results and Discussion
Concentrations of eCA in the SML and bulk water are presented in Table 1 . Three samples from the SML were collected from slicks, a sea surface phenomenon formed by wave damping action of excessive surface-active organic material in the SML, with visible surface blooms of Trichodesmium erythraeum (J. Rahlff, personal communication, 2017). Slicks can exhibit biofilm-like properties under certain conditions (Wurl et al., 2016) and have been shown to be highly variable in enrichment (i.e., in the presence of elevated bulk concentration during blooms). Without the presence of slicks, average concentrations of eCA were 0.37 ± 0.13 nM (n = 40) and 0.30 ± 0.15 nM (n = 40) in the SML and bulk water, respectively. eCA concentrations in SML were significantly higher (p = 0.0010, Wilcoxon signed rank test) than in bulk water, and we found that 75% of collected SMLs were enriched with eCA (median 25% of EF = 0.88, Table 1 ). The median EF of 1.49 (n = 43) was different from unity (p < 0.0001, Wilcoxon signed rank test) based on a theoretical median of 1.0. Concentrations of Chl a in the SML, as a proxy for biomass, varied between 0.02 μg L À1 in the open ocean and 249.4 μg L À1 during the Geophysical Research Letters 10.1002/2017GL075797 surface blooms. Taxonomic investigations revealed that dinoflagellates dominated the phytoplankton community at the coastal station St 1 with an abundance of 400 species L À1 . At the stations St 9 and St 13 (both not sampled for eCA but located few sea miles from St 10 and 11, and St 14-16, respectively) dinoflagellates (5,040 L À1 and 780 L À1 , respectively), diatoms (1,880 L À1 and 200 L À1 , respectively), and flagellates (320 L À1 and 260 L À1 , respectively) were most abundant. Various species of dinoflagellates and diatoms express eCA for carbon acquisition (Mustaffa et al., 2017b; Reinfelder, 2011) , but eCA expression depends on ambient conditions (i.e., light, pH, and nutrients) and the physiological state (i.e., growth stage) of the community (Reinfelder, 2011) . Photosynthetic yield ( Table S1 in the supporting information), describing the physiological state of phytoplankton, ranged from 0.20 ± 0.13 (St 1) to 0.36 ± 0.14 (St 11) indicating moderate stressed communities (Stauffer et al., 2013) , and variations in the yields between coastal and open ocean stations were similar (Table S1 ). No significant correlation was found between the concentrations of eCA or its EF and the yield.
A significant correlation was found between the EF of eCA and Chl a in the SML (p = 0.0003, r = 0.5438, Figure 3a ). High concentrations of Chl a were measured during slick conditions (n = 3) caused by intensive cyanobacteria bloom (Trichodesmium erythraeum), and we found depletion (EF < 1.0) of eCA in the SML (Figure 3b ). Indeed, Kranz et al. (2009) reported that Trichodesmium sp. showed a strong preference for HCO 3 À as a carbon source, indicating a minor role of eCA in carbon acquisition. This supports our observation of very low eCA concentrations measured in the SML during intensive Trichodesmium erythraeum surface blooms. Figure 3c shows the relationship between the EF of eCA and its concentration in bulk water, indicating that processes and features of the underlying water control the enrichment, for example, by the biomass (see Figure 3a) . A similar trend has been found for the enrichment of surface active substances (Wurl et al., 2011) . Geophysical Research Letters
10.1002/2017GL075797
We measured wind speeds as a controlling force for the enrichment of eCA in the SML, but we found no significant correlation between the EF of eCA and U 10 wind speed (p = 0.7727, r = À0.0471, Spearman) ( Figure 3d ). A similar insignificant correlation was observed by Wurl et al. (2011) between organic matter enrichment and wind speeds, suggesting a complex enrichment process in the SML and confounding any simple relationship with wind speed. For example, we have already discussed the correlation between the EF of eCA and Chl a as a biomass indicator. Previous studies have shown that the activity of eCA in marine phytoplankton depends on the availability of inorganic carbon, light, and the pH (Moroney et al., 1985; Rigobello-Masini et al., 2006) , and not all plankton species express eCA (Nimer et al., 1997) or depend on the growth stage (Mustaffa et al., 2017b) . It has also been suggested that moderate levels of ultraviolet radiation stimulate the activity of eCA (Wu & Gao, 2010) . Thus, such complexity excludes finding simple relationships. Nevertheless, we found that the maximum EF of eCA (EF = 2.92) occurred during the highest wind speeds observed (i.e., 7.0 m s À1 ). Meanwhile, 72% of the observations showing EF > 1.0 occurred above U 10 of 2.5 m s À1 ; a threshold value for the first appearance of a microbreaking wave (Hwang & Sletten, 2008) . Breaking waves entrain air, and the rising air bubbles scavenge organic matter, including cells with eCA, from the bulk water toward the SML. We therefore conclude that wind influences the complex enrichment processes of eCA to some extent. Tortell et al. (2008 Tortell et al. ( , 2010 assessed CA activity (as unit U defined as amount of enzyme to catalyze the transformation of 1 micromole of the substrate per minute) in seawater (5 m depth) of up to 3.8 and 4.1 U (mg Chl a) À1 , respectively, by means of membrane inlet mass spectrometry. The first quantification of eCA was recently conducted by Mustaffa et al. (2017b) in the euphotic zone of the Baltic Sea, and eCA concentrations were found to vary between 0.10 and 0.67 nM. Earlier, Emerson (1995) estimated eCA concentrations from available concentration levels of Zn. He argued that eCA is about 0.3% of Zn, and it has been suggested that 80% of Zn in diatoms is bound by this enzyme (Morel et al., 1994) . Furthermore, Emerson (1995) pointed out that the number of moles of complexed Zn and CA should be about the same considering the differences in their molecular weights. Bruland (1989) and Donat and Bruland (1990) measured concentrations of complexed Zn of~1.2 nM in oceanic samples. However, Zn is often enriched in the SML by an EF of 1.5-4 (Wurl & Obbard, 2004) , and the estimated eCA concentrations are in the range of 1.8 to 4.8 nM. Our measured concentrations (mean 0.37 ± 0.13 nM) are lower at least by a factor of 4, but the estimations were reasonable considering the low concentrations within the nM range and the short lifetime of eCA. Berger and Libby (1969) estimated the increasing rate of CO 2 exchange up to twentyfold by adding 0.5 mg L À1 (~17 nM, assuming a molecular weight of 29,000 g mol À1 ) of CA in seawater. Lab-based assessments have been conducted to reexamine Berger and Libby's hypothesis. Goldman and Dennett (1983) demonstrated that the addition of 0.5 (~17 nM) and 2.0 mg L À1 (~68 nM) of CA enhanced the gas transfer velocity up to 60% and 200%, respectively, at moderate turbulence for a SML thickness of 450 μm to remain. Adding a CA inhibitor caused the transfer velocity to drop to its original value, indicating that no natural eCA was present in the seawater used for the experiment. However, such experiments may have an artifact as CA has a very short lifespan and no details are provided of how much time elapsed between the collection of seawater and conducting the experiment. Based on the turn over number of human CA (0.6 × 10 6 to 1.5 × 10 6 s À1 ) and a CO 2 reaction rate of 3.7 × 10 7 mol L À1 s À1 , Emerson (1995) estimated that 0.001 nM of CA would increase the CO 2 exchange rate by three times and 0.1 nM by 300 times. Silverman and Tu (1975) measured a catalysis rate of 30 times for 5 nM CA at pH 8.35. Considering pH values of 7.8 to 8.2 in oceanic waters and that the rate of catalysis increases with decreasing pH (Silverman & Tu, 1975) , such a rate seems to be at the lower limit. From this fact, Emerson (1995) concluded that only nanomolar levels of eCA are necessary to create sufficient CO 2 catalysis within the SML. Using a conservative laminar film model, Keller (1994) showed an increasing trend of the enhancement factor of CO 2 exchange (see Figure 4 in Keller, 1994) with additional CA concentration in the seawater, but dependent on the thickness of the film as shown for the thicknesses of 50 μm and 100 μm. Despite the dynamic nature of the SML and the assumption of stagnant film thicknesses in models, both films represent the boundary layer between the atmosphere and ocean with diffusion dominated transport process across the layer. Based on his model and the assumption that the film is 100 μm thick, closest to the thickness of 80 μm collected in this study, an enhancement of 10% to 15% may be realistic, taking into account the concentration found in this study (e.g., 0.12 nM to 0.76 nM). Considering a 50 μm thick boundary layer, the effect reduces to approximately 5%.
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Conclusion
Our work is the first to provide data on the concentration and enrichment of eCA in natural seawater and SML. eCA was enriched by a mean factor of 1.5 ± 0.7 compared to bulk water concentrations, and this enrichment is of statistical significance, even though multiple processes seem to be involved. More importantly, we found that observed eCA concentrations in the SML are sufficient to influence the CO 2 exchange between the ocean and the atmosphere based on a laminar film model (Keller, 1994) . However, the effect is probably less than 15%, and considering the complexity and uncertainty of the measurements of CO 2 air-sea exchange rates, controlled lab experiments are required to confirm the influence of eCA in the transfer of CO 2 across the SML. Through the new and rapid fluorometric assay (Mustaffa et al., 2017b) , such experiments should become feasible and finally lead to the confirmation or refutation of Berger and Libby's hypothesis.
